Inosine monophosphate dehydrogenase type II (IMPDH2) has been shown to play critical roles in the development and progression of several human cancers. However, little is known about IMPDH2 expression and its clinical significance in nasopharyngeal carcinoma (NPC). Western blotting, qRT-PCR and immunohistochemistry were employed to evaluate IMPDH2 expression in NPC cell lines and tissues. In our study, elevated expression of IMPDH2 was observed at both the protein and mRNA levels in NPC cell lines than in NPEC2 Bmi-1. IMPDH2 protein expression was markedly higher in NPC tissues than in adjacent non-tumorous tissues. Moreover, IMPDH2 expression in NPC correlated with several clinicopathological parameters, including T classification (P = 0.023), TNM stage (P = 0.020), distant metastasis (P = 0.001) and death (P = 0.002). Further Cox regression analysis suggested that IMPDH2 expression was an independent prognostic factor for overall survival (P = 0.001) and diseasefree survival (P < 0.001). In addition, stratified survival analysis showed that high expression of IMPDH2 could be a prognostic factor for NPC patients with TNM stage I/II (OS: P = 0.012; DMFS: P = 0.007), TNM stage III/IV (OS: P = 0.028; DMFS: P = 0.020). Our study demonstrates IMPDH2 may be served as an independent prognostic biomarker for NPC patients, in which high IMPDH expression suggests poor prognosis of NPC patients.
expressed in normal cells, whereas expression of IMPDH2 is frequently elevated in malignant cells 12, 13 . Therefore, we focus our study on IMPDH2 as malfunction of IMPDH are primarily due to the up-regulation of this isoform in malignant cells.
Accumulating evidence had demonstrated the involvement of IMPDH2 in different types of malignancies. For instance, enhanced IMPDH2 expression was observed in methotrexate (MTX)-resistant erythroleukemia K562 cells and colorectal cancer cells 14, 15 . The study by Fellenberg et al. suggested that IMPDH2 could be used as a promising candidate for the stratification of osteosarcoma patients into low-and high-risk groups 16 . Recently, the protein expression level of IMPDH2 was found to be significantly upregulated in prostate, kidney and bladder cancers and could be a potential biomarker for these diseases 2, 17 . However, to the best of our knowledge, the expression status of IMPDH2 and its clinical significance in NPC remain unknown.
In the current study, immunohistochemistry (IHC) was utilized to examine the expression level of IMPDH2 in NPC tissues and adjacent normal nasopharyngeal tissues. Receiver operating characteristic (ROC) curve analysis was performed to define the cut-off value for separating IMPDH2 expression into increased-and decreased-expression groups. In addition, the relationship between IMPDH2 expression and various clinicopathologic parameters was evaluated to investigate the prognostic impacts of IMPDH2 in NPC patients.
Results

IMPDH1 and IMPDH2 expression in NPC cell lines. Western blotting and qRT-PCR was employed
to evaluate the expression levels of IMPDH1 and IMPDH2 protein and mRNA in NPC cell lines including CNE1, CNE2, C666, HONE1, and SUNE1, and an immortalized primary nasopharyngeal epithelial cell line (NPEC2 Bmi-1). As described in Fig. 1A,B , the expression levels of IMPDH1 protein and mRNA in CNE1, CNE2, HONE1, and SUNE1 were lower than that in the NPEC2 Bmi-1. Interestingly, the protein and mRNA levels of IMPDH1 in C666 were higher than that in NPEC2 Bmi-1. However, to our knowledge, the C666 cell line was the only native EBV-infected NPC cell line among these NPC cell lines. These results suggest that high expression of IMPDH1 in C666 may be associated with EBV-infected NPC cell line. By contrast, we performed western blotting and qRT-PCR to assess the protein and mRNA levels of IMPDH2 in NPC cell lines and NPEC2 Bmi-1. As shown in Fig. 1C ,D, the expression levels of IMPDH2 protein and mRNA in NPC cell lines were highly expressed, compared to NPEC2 Bmi-1.
IMPDH2 expression in NPC tissues. The expression of IMPDH2 protein was detected by IHC in NPC
tissues and adjacent normal nasopharyngeal tissues. Compared with adjacent non-tumorous nasopharyngeal tissues, NPC tissues exhibited higher expression levels of IMPDH2 protein ( Fig. 2A,B ). The four categories of the intensity of IMPDH2 immunostaining were described in Fig. 3a 
Definition of cutoff score for high IMPDH2 expression in NPC. To better estimate the expression of IMPDH2 in NPC tissues, ROC curve analysis for the clinical features was employed to determine an optimal cutoff value for high IMPDH2 expression. As shown in Fig. 4A -G, ROC curve analysis for survival status had the closest distance from the curve to the point (0.0, 1.0). Therefore, the optimized cut-off value for high IMPDH2 expression was 145. Tumors with scores above this cutoff value were considered to have high IMPDH2 expression, leading to the greatest number of tumors correctly classified, based on the presence or absence of a positive clinical outcome. According to the definition of cutoff score, increased expression of IMPDH2 was observed in 123/226 (54.4%) of NPC tissues.
The association between IMPDH2 expression and clinicopathological parameters of NPC patients.
The chi-square test/Fisher's exact test was performed to investigate the relationship between IMPDH2 expression and clinicopathological characteristics in 226 cases with NPC ( Table 1 ). Our results suggested significant correlations between IMPDH2 expression and four clinical characteristics including T classification (P = 0.023), TNM stage (P = 0.020), distant metastasis (P = 0.001) and death (P = 0.002). However, we found no statistically significant correlations between IMPDH2 expression and the rest of clinicopathological features, such as age, gender, VCA-IgA, EA-IgA, and WHO type.
The relationship of high IMPDH2 expression with poor survival in NPC patients. The relationship between IMPDH2 expression in NPC patients and the survival time of these patients was analyzed by Kaplan-Meier analysis and the log-rank test ( Fig. 5A-F) . The log-rank test showed that the survival time was different between high and low IMPDH2 expression groups. The median overall survival (OS) time was 52.2 months for the patients with high IMPDH2 expression, significantly shorter than that for the patients exhibiting low IMPDH2 expression (64.4 months) (log-rank test, P = 0.001, Fig. 5A ). Furthermore, high IMPDH2 expression group had poorer distant metastasis-free survival (DMFS) time than low IMPDH2 expression group (log-rank test, P < 0.001, Fig. 5B ). Moreover, we deployed survival analysis towards the level of IMPDH2 expression in subgroups of NPC patients against TNM stages. Our results revealed that high expression of IMPDH2 could be a prognostic factor for NPC patients with TNM stage I/II (OS: P = 0.012, Fig In addition, the prognostic value of IMPDH2 expression was analyzed using univariate analysis model and multivariate Cox regression against OS and DMFS ( Table 2 ). The univariate analysis results confirmed the impact of IMPDH2 expression and TMN stages on survival. The Cox regression further suggested IMPDH2 expression and TMN stages as independent prognostic factors for OS and DMFS in NPC patients. Therefore, the results demonstrated that the IMPDH2 expression level was closely associated with the prognosis of NPC. 
Discussion
Currently, tumor TNM stage is the most commonly and widely used predictive factor for the prognosis of NPC patients. However, the TNM staging alone is inadequate to accurately predict the clinical outcomes of the patients with NPC. Furthermore, the existing molecular markers for NPC have not fully satisfied the clinical prognostic needs. Therefore, it is of great significance to search for novel diagnostic and prognostic markers to refine the individualized treatment of NPC patients.
Accumulating evidence has shown that expression of IMPDH2 was significantly increased in various types of malignancies 12, 13, [18] [19] [20] . These findings reveal a potential carcinogenic role of IMPDH2 in multiple human malignancies. To date, however, the expression status of IMPDH2 in NPC and its relationship with the clinicopathological parameters have not been elucidated. In the current study, we first performed immunohistochemistry to evaluate the expression status of IMPDH2 in a cohort of 226 NPC patients. IMPDH2 was significantly up-regulated in NPC paraffin-embedded tissues compared with that in adjacent normal tissues. In particular, overexpression of IMPDH2 protein was detected in 54.4% (123/226) of NPC tissues. By contrast, the expression level of IMPDH2 in the adjacent nasopharyngeal tissues was low or absent. We also observed that IMPDH2 was highly expressed at both the protein and mRNA levels in NPC cell lines compared with NPEC2 Bmi-1. These findings suggest that high expression of IMPDH2 may provide a selective advantage in the NPC tumorigenic processes.
In previous studies, the expression of IMPDH2 was found to be markedly elevated and closely associated with tumor progression and unfavorable prognosis in various different types of malignancies 2, 14, 16, 17 . IMPDH2 was reported to be overexpressed in the subgroup of patients with poor response to chemotherapy, rendering it an independent prognostic factor for chemotherapy response and event-free survival 16 . He et al. demonstrated that high IMPDH2 expression was frequently observed in colorectal cancer tissues and might play a crucial role in colorectal carcinogenesis 14 . High IMPDH2 expression might be involved in tumor metastasis and progression in patients with prostate, bladder and kidney cancer 2, 17 . In the present study, we observed that increased expression of IMPDH2 was significantly associated with T classification, TNM stage, distant metastasis and patient death, which suggested that overexpression of IMPDH2 might be involved in the progression of NPC. Additionally, the Kaplan-Meier analysis and log rank test demonstrated that enhanced expression of IMPDH2 significantly correlated with shorter OS and poorer DMFS in patients with NPC. Further stratified analysis revealed that elevated expression of IMPDH2 could predict the unfavorable outcome in NPC patients with TNM stage I/II and III/IV. More importantly, multivariate Cox regression analysis showed that high IMPDH2 expression was identified as an independent prognostic factor for OS and DMFS in NPC. Hence, our study suggested the potential use of IMPDH2 expression in addition to existing classifications to predict OS and DMFS in patients with NPC.
With respect to the function of the IMPDH gene, as a rate-limiting enzyme in the de novo guanine nucleotide biosynthesis, IMPDH has been implicated in cell proliferation, differentiation and the development of chemoresistance. Inhibition of IMPDH contributed to depletion of guanine nucleotide pools, followed by decreased synthesis of DNA and RNA 21 . A study by Takebe N et al. demonstrated that inhibition of IMPDH had been able to induce caspase-dependent apoptosis and cell-cycle arrest in multiple myeloma cells 22 . Furthermore, IMPDH inhibitors, such as tiazofurin and benzamide riboside, has been found to induce terminal differentiation in several types of human cancer cells 23, 24 and has been successfully applied in clinical trials 25, 26 . On the other hand, overexpression of IMPDH2 induced a strong chemoresistance in osteosarcoma cells which was mediated partly by upregulation of anti-apoptotic proteins, leading to inhibition of the mitochondrial apoptotic signaling pathway 27 . In addition, researchers found the sensitivity of HT29 human colon cancer cells were significantly increased towards chemotherapy by down-regulating the IMPDH2 gene expression in the resistant cells 28 . As a consequence, IMPDH2 gene expression by more effective inhibitors in combination with chemotherapy may have the potential to provide an effective treatment to overcome chemoresistance. In summary, we revealed for the first time that IMPDH2 protein was markedly expressed in NPC, and elevated expression of IMPDH2 was closely associated with unfavorable prognosis in NPC. These data suggested that the expression levels of IMPDH2 protein, as detected by IHC, could be identified as a prognostic biomarker for the clinical outcome of NPC patients and a potential therapeutic target in NPC. However, further investigation is needed to elucidate the molecular mechanisms on the oncogenic function of IMPDH2 for NPC.
Materials and Methods
Patients and tissue specimens. Paraffin-embedded specimens from 226 patients with primary NPC were obtained from Sun Yat-Sen University Cancer Center between 2001 and 2004. These patients' clinical and pathological data, such as age, gender, VCA-IgA, EA-IgA, T classification, N classification, TNM stage and WHO type, were also included in this study ( Table 1) . None of these patients had previous malignant disease, second primary tumor, any history of radiotherapy, chemotherapy or surgical treatment. The 226 patients included 174 males (77.0%) and 52 females (23%) with ages ranging from 15 to 77 years (mean, 44 years). The tumor stages were defined according to the seventh edition of the American Joint Committee on Cancer Staging manual. All patients were treated with conventional two-dimensional radiotherapy with or without chemotherapy. The follow-up data were obtained by telephone or from the outpatient records. Overall survival (OS) was defined as the time from the date of diagnosis to the date of NPC-related death. Distant metastasis-free survival (DMFS) was defined as the interval from the date of diagnosis to the date of distant metastasis/metastases. The study was approved by the Institutional Research Ethics Committee of Sun Yat-Sen University Cancer Center and written informed consent was obtained from all subjects. All experimental methods were carried out in accordance with approved guidelines of Sun Yat-Sen University Cancer Center.
Immunohistochemistry.
Immunohistochemical analysis was carried out to examine the IMPDH2 expression levels with a standard two-step method in 226 NPC tissue specimens. The paraffin-embedded NPC specimens were dried at 65 °C for 2 h. Subsequently, the slides were deparaffinised in xylene, rehydrated through a series of graded alcohol and immersed in 3% hydrogen peroxide for 15 min to block the endogenous peroxidase activity. Then the slides were boiled in citrate antigen retrieval solution (pH 6.5) for 20 min in a microwave oven for antigen retrieval. After washing three times for 5 min in phosphate buffered saline (PBS), the sections were incubated with a primary antibody against IMPDH2 (1:800 dilution; Abcam Antibodies, Epitomics, U.S.A.) at 4 °C overnight. After rinsing three times, the tissue sections were sequentially incubated with a secondary antibody for 1 hour at room temperature. After three further washes in PBS, the sections were stained with 3,3-diaminobenzidine (DAB), counterstained with Mayer's haematoxylin, dehydrated and mounted. A negative IHC evaluation. Protein expression levels of IMPDH2 were evaluated by Semi-quantitative IHC detection. A brown particle in cytoplasm was considered as positive labeling. In brief, the staining intensity was classified as 0 (no staining), 1+ (weak), 2+ (moderate) or 3+ (strong) (I0, I1-3). Then, the proportion of tumor cells with that intensity was divided by the total number of tumor cells and recorded in 5% increments from 0 to 100 (P0, P1-3). Each IHC score was calculated based on the staining intensity and the proportion of the area stained according to the equation: IHC score = I1 × P1 + I2 × P2 + I3 × P3 (range 0-300). The evaluation of immunohistochemical results was performed by three independent pathologists who were blinded to the clinicopathological data. The same methods were applied for both tumorous and adjacent non-tumorous specimens.
Selection of cutoff score. Receiver operating characteristic (ROC) curve analysis was applied to determine a cutoff score for IMPDH2 expression, by using a 0, 1-criterion. Briefly, the sensitivity and specificity for the evaluated outcome were plotted to generate various ROC curves. The score with the shortest distance from the curve to the point (i.e., 0.0, 1.0) at both maximum sensitivity and specificity was selected as the cutoff score to determine the greatest number of tumors which were correctly classified as having or not having the clinical outcome. For the purpose of the ROC curve analysis, the clinicopathologic parameters were dichotomised as follows: VCA-IgA (<1:80 vs. ≥1:80), EA-IgA (<1:10 vs. ≥1:10), T stage (T1 + T2 vs. T3 + T4), N stage (N0 vs. N1 + N2 + N3), TNM stage (I + II vs. III + IV), WHO type (I + II vs. III) and survival status [NPC-related death vs. others (censored, alive or death from other causes)].
Cell lines and cell cultures. The immortalized nasopharyngeal epithelial cells (NPECs) induced by Bmi-1
(NPEC2 Bmi-1) were established and grown in keratinocyte/serum-free medium (Invitrogen). The NPC cell lines CNE1, CNE2, C666, HONE1 and SUNE1 were maintained in RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS) (Gibco, USA). The cell lines were cultured in a humidified incubator at 37 °C with 5% CO 2 .
Western blotting. Equal amounts of whole-cell lysates were separated by SDS-polyacrylamide gel electrophoresis (PAGE) and subsequently transferred onto a polyvinylidene difluoride (PVDF) membrane (Pall Corp., Port Washington, NY). The membrane was blocked with 5% skimmed milk and then incubated with primary mouse monoclonal antibodies against IMPDH2 (1:1000 dilution, Abcam Co Ltd, USA) and GAPDH (1:1000 dilution; Abcam, Cambridge, MA, USA), respectively. After thoroughly washing the membrane, it was then incubated with the secondary anti-mouse antibody from Santa Cruz Biotechnology (Santa Cruz Biotechnology, CA, USA). Finally, the immunoreactive proteins were detected by an enhanced chemiluminescence (ECL) western blotting detection protocol.
Quantitative real-time polymerase chain reaction (qRT-PCR).
Total RNA was extracted from the NPC cell lines using Trizol regent (Invitrogen, Grand Island, NY, USA) and cDNA was synthesized by SuperScript Reverse Transcriptase kit (Promega, Madison, WI, USA) according to the manufacturer's instruction. The primer sequences used to amplify IMPDH2 were: 5′-GCT CCT GTG CCT GAT GGA AT-3′ and 5′-CGG GCT CCT CCC CAA AAT AA-3′. GAPDH was used as an internal control for normalization. Statistical analysis. Statistical analyses were performed with SPSS 19.0 (IBM). P values less than 0.05 were considered to be statistically significant. Overall survival (OS) was defined as the interval between surgery and death or between surgery and the last observation. Distant metastasis-free survival (DMFS) was defined as the time from surgery to distant metastasis or death due to NPC. The Chi-square test or Fisher's exact test was performed to evaluate the correlation between IMPDH2 expression and the clinicopathological variables. The cumulative survival distributions were estimated using the Kaplan-Meier analysis and the log-rank test. The significance of various clinicopathological characteristics was evaluated using univariate Cox regression model. These statistically significant variables based on the univariate analysis were selected for reassessment in the multivariate Cox proportional hazard regression model.
